(1) The marine sediment isolate W3-18-1 and freshwater sediment strain MR-1 share a large core genome (3,162 genes), including multiple c-type cytochrome genes involved in diverse anaerobic respirations. However, W3-18-1 possesses only 32 putative cytochrome c genes (10 fewer than MR-1) and could not utilize either dimethylsulfoxide (DMSO) or trimethylamine-N-oxide (TMAO) as electron acceptors. Though the Ni-Fe hydrogenase operon is split into two clusters in W3-18-1, it could still use hydrogen as electron donor.
(2) W3-18-1 harbors multiple laterally transferred elements (LGT), including five prophages, CRISPR, and other cassettes encoding the four-member D-type fumarate reductase complex and a second PTS system, bacterial microcompartments and B 12 -independent PFL2/DhaB enzymes, lateral flagella, and type IV chaperone-usher pathway pili. The STX-like ICE1 and SGI1-like prophages have been well-characterized in pathogenic strains of Vibrio and Salmonella. (3) Lateral flagella and MSHA pili (twitching motility) enhance the bacterial motility of W3-18-1. (4) W3-18-1 harbors multiple gene clusters with functional redundancy, including nitrate reductase (napDAGHB and napEDABC), nitrite reductase (nrfA), and arsenate reductase gene clusters. (5) W3-18-1 utilizes more four-carbon compounds than MR-1 and its arabinan-degradation pathway allows for aerobic utilization of L-arabinose. (6) On the other hand, MR-1 harbors a series of species-specific gene clusters, encoding NADH dehydrogenase I, phosphate ABC transporter, and the proton driven flagellar motors, which may be related to its adaptation to freshwater environments. The presented genome divergence will provide insight into bacterial adaptation to specific niches, genome evolution, and bioremediation. Table 1 Comparative genomics analyses of components of diverse respiration and electron transport chains between W3-18-1 and MR-1 Bacterial strains: Shewanella putrefaciens W3-18-1 was isolated from the deep marine sediments underlying 670 m of water off the Washington state coast by our laboratory (Murray et al., 2001; Stapleton et al., 2005) . The control strain S. oneidensis MR-1 was isolated from the sediment of Lake Oneida, New York by Ken Nealson. Genome sequencing and annotation: The DNA sequencing, assembly, and annotation of the W3-18-1 genome were conducted by Joint Genome Institute (Copeland et al., 2006) . Carbon source utilization assays: BioLog microplate assays and MRI minimum media (supplemented with different carbon sources) were used to identify the utilization of carbon sources in Shewanella. Transposon mutagenesis and isolation of motility defective mutants: The mariner transposon mutagenesis (pminiHmar RB1, courtesy by Dr. Daad Saffarini) was conducted to isolate mutants (Km r ) of Shewanella putrefaciens W3-18-1 that are defective in motility on the LM soft agar plates (0.4% agar, w/v). The transpsoson insertion sites were mapped as previously described (Bouhenni et al., 2005) . In-frame deletion: The two step protocol of selection (single cross-over, antibiotics resistance) and counter-selection (double crossover, sucrose sensitivity) was applied for in-frame deletion of specific genes using suicide vector pDS3.0 (R6K replicon, sacB, Gm r )-based constructs carrying a fusion of upstream and downstream sequences of target genes. Bioinformatics tools: The orthologs are identified by using bidirectional BLASTP (best hits) between W3-18-1 and other Shewanella strains and also based on synteny. The paralog(s) of polypeptides were found by BLAST against the same genome (>70% sequence similarity).
RESULTS

Cell motility:
A common feature for Shewanella strains is the large number of methyl accepting chemotaxis sensory transducer genes (38 in W3-18-1), indicating the importance of active chemotaxis for bacterial survival. W3-18-1 exhibited a higher motility and its colonies could swarm on the 0.4% (w/v) soft agar plates while MR-1 could not. We have isolated a series of transposon mutants which exhibited defective motility on soft agar (0.4%) and then quantitatively compared the cell motility of different mutants on 0.3% soft agar plates. The lateral flagella, polar flagellum, and MSHA pili (twitching motility) are all involved in cell motility in W3-18-1 (Table 3 and Figure 1 ), which is crucial for survival in the viscous marine habitats. On the other hand, the gene cluster (Sputw3181_3902 to 3909, 11.8 kb) coding for the Cup (Chaperone usher pathway) type IV pili may be only involved in biofilm formation as previously described in Pseudomonas aeruginosa. 
Metabolic pathways:
Based on the genome sequence comparison and the evidence that W3-18-1 could use all of the carbon sources that MR-1 utilized (Table 4) , we predicted that W3-18-1 may share features of cellular metabolism computationally and experimentally disclosed in MR-1, including a complete TCA cycle under both aerobic and anaerobic conditions. W3-18-1 also contains the galactokinase and ribokinase genes, but it does not utilize galactose or ribose, which may be due to the absence of relevant sugar uptake systems. There is only one PTS system shared by the Shewanella strains.
Bacterial microcompartment:
W3-18-1 and CN-32 contain a large laterally transferred element (82.4 kb, sptuw3181_0408 to 0445) coding for bacterial microcompartments and another PTS system similar to the PTS system for mannose/fructose/ sorbose. However, W3-18-1 did not exhibit significant utilization of either 1,2-propanediol or ethanolamine in BioLog or minimal media-based assays in the presence of vitamin B 12 . W3-18-1 does not utilize more tested sugars than MR-1 and the functions of this PTS system needs to be further investigated.
Arabinan and arabinose utilization:
Some strains of Shewanella, including W3-18-1, could utilize L-arabinose as sole carbon and energy source, which is due to a large gene cluster (32.8 kb, sputw3181_1944 to 1966) that is absent in MR-1. However, this operon does not contain the gene coding for the regulatory protein AraC, and instead has more genes involved in uptake and degradation of polymers.
The divergent c-type cytochrome genes and respiration chains:
(1) W3-18-1 harbors only 32 c-type cytochrome genes which are all shared by other Shewanella strains, while 42 are present in the genome of MR-1. W3-18-1 lacks gene clusters coding for sulfite hydrogenase SorAB, octaheme tetrathionate reductase Otr, trimethylamine N-oxide reductase (TMAO), dimethylamine Noxide reductase (DMSO), and the secondary metal reductase MtrDEF (Table 1) , which may account for its inability or decreased ability to utilize those electron acceptors (TMAO, DMSO, and some metals and metalloids) or donor (sulfite) as demonstrated in our experiments. Ironically, the prototype S. putrefaciens is named for the iconic offensive putrid odor caused by trimethylamine, a reduction product of the abundant osmolyte TMAO in seafood. However, W3-18-1 harbors tetrathionate reductase TtrABC found in Salmonella and another periplasmic nitrate reductase, NapEDABC, which is functionally redundant with NapDAGHB in dissimilatory nitrate reduction because deletion of each operon did not affect nitrate reduction. While W3-18-1 lacks the Fe-only hydrogenase and its Ni-Fe hydrogenase genes were separated into two clusters, it still could use hydrogen as electron donor.
(2) NADH and formate are major electron donors for respiratory electron transport chains. Shewanella strains differ in the NADH and formate dehydrogenases and the fdh-O and nqr gene clusters seem to have duplicated in most Shewanella strains (Table 1) , which may represent an adaptation strategy in respiration of Shewanella. The NDH-I (NuoA-N) is unique to MR-1 among the Shewanella strains, indicating that acquisition of this NADH dehydrogenase gene cluster may be related to bacterial adaptation to freshwater environments. 
Strain
Lactones and esters is substantially smaller than that of MR-1 (5,130 kb). These two strains share a large core genome including 3,162 genes. However, there are few genes homologous to those encoded by the plasmid pMR-1 of MR-1. About 700 genes, encoding bacterial microcompartments, lateral flagella, bacteriophages, and other functions, from W3-18-1 are absent in MR-1. The strain-specific (unique to W3-18-1) and species-specific (also present in S. putrefaciens CN-32 and 200 other strains) gene cassettes indicate recent lateral gene transfer events ( Table 2 ). The SXT/R391 ICE and SGI1-like prophages may have been recently acquired because, among the sequenced Shewanella genomes, they are only present in W3-18-1 and are also found in pathogenic bacteria such as Vibrio and Salmonella. Several gene clusters that are absent in MR-1 are related to the osmotic stress response and sodium ion-dependent energy transduction (sodium ion translocating oxaloacetate decarboxylase) and transport, which may be crucial for surviving in marine habitats.
Carbon source utilization:
Like MR-1, W3-18-1 did not utilize most of sugars tested (Table 4) and it lacks the 6-phosphofructokinase gene required for glucose utilization. W3-18-1 could grow well on defined minimal media supplemented with carbon sources, suggesting that it can synthesize all the amino acids, nucleotides, and cofactors for cellular metabolisms. W3-18-1 could utilize more organic acids (Table 4) , which may be due to the presence of relevant transporter genes encoded in its genome (Table 2) . For example, W3-18-1 could utilize L-malic acid and succinic acid, which are intermediates of citric acid cycle, but the transporters remain to be defined in W3-18-1. MR-1 did not utilize the external formate for respiration, though it does harbor multiple formate dehydrogenases ( The data represent the average of replicates.
(1) Pol and laf represent the polar flagellum and lateral flagella, respectively.
